Abstract-We have developed a loss estimation method that is applicable to three-phase ac reactors using amorphous cores in a 400-kVA UPS. The method is based on measured the B-H curves and iron losses of the cores, modeled with magnetic simulations of a finite-element method considering the directions of the amorphous ribbon planes. The reactors are formed from wound cores. Two types of magnetic legs are proposed: structure A, toroidalshaped with slits, and structure B, sector prism-shaped cut from a wound core. Their unit volumes are shrunk by 9% and 19%, respectively, compared with that of a conventional silicon-steel core reactor. Both reactors have about half the total losses of the conventional silicon-steel core reactor, resulting in increased UPS efficiencies of up to 0.55%. The calculated iron losses at the pulse width modulation (PWM) carrier frequencies agree with measured losses within 10%. The accuracy of the loss estimation method for PWM-induced reactors is discussed. The method is confirmed to enable accurate design of a reactor for filtering in a high-efficiency inverter system.
I. INTRODUCTION

B
ESIDES the expansion of demand for a multihundred kVA class uninterruptible power system (UPS), the demand for power electronics systems in the fields of renewable energies has grown remarkably. More and more R&D is aimed at improving the performance of the inverter system [1] , [2] .
In elements configuring the inverter system, the performance of power semiconductor devices is being improved considerably [3] - [5] . Therefore, the losses due to passive elements, including reactors and capacitors in filter circuits, need to be reduced due to the increase in the ratio of their losses relative to the total losses of the system. In particular, reactors with cores formed from soft magnetic materials like Fe-based amorphous alloys instead of all-purpose oriented silicon steels are expected to raise power efficiency. To design reactors using low-loss amorphous cores, various approaches have been reported, such as optimizations of core shapes based on magnetic simulations [6] , [7] and assumptions of nonlinear equivalent magnetic circuits for cores near a magnetically saturated state [8] . However, even now, most of the design stages of the reactors are the same as those of conventional silicon-steel cores as shown in Fig. 1 , or rely on techniques based on heuristics.
This paper takes ac reactors for online 400-kVA UPS as the subjects of its investigation (see Sections II and III) and proposes structures for amorphous cores and construction techniques suitable for the physical properties of amorphous materials. A loss calculation model is established by combining magnetically simulated results with quantitatively measured iron losses and increases in losses with air gaps, indispensable for reactors, between the core components. Then, a loss estimation method is presented that is universally applicable to the same kinds of magnetic components (see Section IV). Subsequently, the measured losses of the reactors and UPS efficiencies are indicated (see Sections V and VI). The reactor's losses are compared and discussed (see Section VII), and this paper is concluded in Section VIII.
II. PROPOSED STRUCTURES OF THREE-PHASE AMORPHOUS REACTORS
The Fe-based amorphous soft magnetic material is supplied in the shape of a thin ribbon with a maximum width of about 0885-8993 © 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. 200 mm and a thickness of 20-30 μm. Several hundreds to thousands of ribbons have to be stacked and fixed to form bulky cores suitable for magnetic components including transformers and reactors. Amorphous magnetic cores are physically more rigid than those constructed from silicon steels: they are hard to cut after the stacking and fixing processes. When making a magnetic core of conventional design as shown in Fig. 1 , it is difficult to achieve practical precision at the junctions between the rectangular solid core components. This problem may increase iron losses due to uneven distributions of the magnetic flux in the cores. In this paper, we propose two structures of magnetic cores for three-phase amorphous reactors as shown in Fig. 2 consisting of "wound cores" made by winding amorphous ribbons toroidally. Both structures have two toroidal yoke cores between which three magnetic legs are aligned at angles of 120
• . The figure indicates definitions of cylindrical coordinates for magnetic simulation; these are described in detail in Section IV-D.
Three-phase coils of Cu sheets are wound around the legs. The reactors for the filter application in a UPS are magnetically excited with a pulse width modulation (PWM) voltage generated by the inverters. The structures have three additional rectangular solid magnetic legs between the coil-wound ones as return paths of the magnetic flux from the zero-phase current components of PWM excitation. We designed the "three-phase six-leg" typed cores considering the symmetrical magnetic path.
The coil-wound magnetic legs in structure A shown on the left side of Fig. 2 consist of several toroidal cores fixed with insulating varnish after winding amorphous ribbons. The legs are formed by stacking the cores with air gaps of adequate lengths to avoid magnetic saturation in the cores. In practice, the insulation between the ribbons is imperfect; this type of core may induce eddy currents in the plane perpendicular to the z-axis caused by magnetic flux along the axis of the legs. To block the eddy-current paths with certainty, the cores have slits cut into them and insulation sheets are put in the sections.
Structure A has the advantage of low construction cost because it is formed only from toroidal wound core components. However, the structure has the possible problem of increases in iron loss at the junctions of the yoke and magnetic leg cores in which amorphous ribbons are aligned perpendicular to each other. Therefore, the magnetic flux has components perpendicular to the ribbon planes at the parts that cause losses by in-plane current flowing in ribbons. To solve this problem, we propose structure B shown on the right side of Fig. 2 . The magnetic legs of this structure are formed out of several cores in the shape of a sector prism. These cores are cut from toroidal wound cores that are the same size as the yokes. In this structure, the winding directions of the ribbons of the yoke and magnetic leg cores are the same. Therefore, the components of magnetic flux perpendicular to the ribbon planes can be considered to be negligible. The structure can be expected to avoid any unnecessary increase in iron loss. However, the construction of structure B requires a cutting process for large wound cores and has the disadvantage of a higher cost than that of structure A.
In this study, we designed two types of three-phase amorphous reactors as described above with the same cross-sectional areas of magnetic legs for filtering components in a 400-kVA UPS with two-level inverters. We compare the measured loss characterizations of two reactors with calculated ones on the basis of a method described in Section IV. Fourier transform of PWM waveform. The loss calculation of the reactors considers those fundamental, carrier, and harmonic currents by summing up all the loss values from the individual equivalent sinusoidal components. Generally, loss estimation of PWM-excited reactors has to consider minor B-H loops of high-frequency flux components superimposed on that of fundamental frequency [9] , [10] . This paper considers the method described above as a good approximation for loss estimation mainly due to reasons outlined below and verifies the accuracy of the estimated loss.
III. OUTLINE OF DESIGNED AMORPHOUS REACTORS
1) The maximum magnetic flux density of the fundamental component has been designed for 0.8 T considering overload capacity. This is about half the saturation flux density of the amorphous material (1.56 T). Therefore, the nonlinear effect of high-frequency flux is considered to be limited. 2) It has been reported that an inductor with an amorphous wound core has an almost constant iron loss at high-frequency flux regardless of any biased magnetic field [11] . It is supposed that this method can estimate the PWM-excited iron loss of the amorphous core much more accurately than that of other materials. The design factors of the two types of amorphous reactors are listed in Table II . The table includes the design factors of a conventional silicon-steel core reactor for comparison. The magnetic legs of all the reactors have effective cross-sectional areas, A c , of about 100 cm 2 . From the designs of the 3-D alignments of the magnetic legs, the unit volumes of the reactors of structures A and B including protrusions of the coil ports are shrunk about 9% and 19%, respectively, relative to that of the silicon-steel core reactor. The magnetic legs of those amorphous reactors consist of five cores stacked 50 mm high. The number of stacked cores is decided from the widths of the Cu sheet coils needed to wind around them to secure adequate conduction losses relative to the iron losses of the cores. The lengths of the air gaps between the magnetic leg cores and the number of turns of coils are adjusted to fulfill the values of the magnetic flux density, B, in the magnetic legs and the inductance, L, of the coils at B = 0.8 T and L = 73 μH, simultaneously. Fig. 3 shows an outside image of the constructed amorphous reactors. To decrease the skin effect at 60 Hz, the molded coils consist of three 0.5-mm-thick Cu sheets stacked with inserted insulation sheets. Magnetic leg cores are put in the tubular coils and fixed by filling the spaces between the cores and the coils with insulation sheets. The yoke cores are put in pan-shaped stainless fixing components. The upper and lower components are fastened and fixed to each other by a center and three outer stud bolts.
IV. LOSS CALCULATION MODEL FOR AMORPHOUS WOUND CORES
This section describes outlines of the loss model and the calculation method for constructed amorphous reactors. The total loss of the reactor, P , consists of the iron loss, P Fe , induced in the cores, and the conduction loss, P Cu , of the joule losses in the coils. Moreover, P Fe can be divided into the core loss, P Core , derived from the magnetic properties of the core materials, and the gap loss, P Gap , due to in-plane eddy currents induced from the leakage magnetic flux around the air gaps between the core components. Therefore, P can be defined as
(1)
A. Definitions of B-H Curves
In the present circumstances, the structure of the amorphous cores is difficult to reproduce in a magnetic simulator with generalized computers. A massive amount of calculation is needed because the cores consist of several hundreds to thousands of thin ribbons stacked and fixed with insulated varnish. To reproduce the distribution of magnetic flux in the cores, this paper adopted a method for defining the respective B-H curves in the directions of the ribbon planes and perpendicular to them. First, the B-H curves in the ribbon planes are assumed to follow those of standard amorphous cut cores. Fig. 4 shows a measured B-H curve of a Metglas standard amorphous cut core without air gaps from Hitachi Metals, Ltd. [12] constructed from 2605SA1 ribbons with a saturation magnetic flux density, B S , of 1.56 T. Next, the B-H curve in the stacked direction of the ribbons is experimentally defined by using an exclusively constructed amorphous cut core.
The permeability in the direction perpendicular to the ribbon planes, μ p , is calculated from the measured B-H curves and a magnetic circuit methodology. An outside image of the cut core and the alignments of the core components are shown in Fig. 5 . The cut core consists of two U-shaped and two cubic core components, and the ribbon direction of the cubic components can be changed relative to the magnetic path by turning them as states of A and B shown in the figure. The cut core is constructed from 2605SA1 amorphous ribbons with a lamination factor of 80% and has a total weight of 12.1 kg, an effective cross-sectional area, A c , of 28.8 cm 2 , and a total magnetic path length, L m , of 0.75 m.
B-H curves are measured by exciting the core magnetically with a square-formed voltage through a 20-turned coil. Insulation sheets 0.1 mm thick are put at the four contact surfaces between the U-shaped and cubic cores to avoid unexpected eddy-current losses. The measured B-H curves of states A and B at 1 kHz, plotted as relations of peak currents, I p , and B, are shown in Fig. 6 . The difference between them is due to the anisotropy of permeability caused by the difference in the ribbon directions in the cubic cores.
The permeability in parallel between the magnetic flux and the ribbon plane, μ // including four insulation sheets 0.4 mm in total length, corresponds to the inclination of the measured B-H curve of state A, which is calculated as 1.37 × 10 −3 H/m. The magnetic circuit of state B can be regarded as a series of two reluctances, i.e., that of the two U-shaped cores including the air gaps of insulation sheets, R // , with a magnetic path length, L // , of 0.63 m, and that of the two cubic cores with their ribbon planes perpendicular to the magnetic flux, R p , with a magnetic path length, L p , of 0.12 m. Thus, the respective reluctances can be expressed as
The magnetic flux density B (T) can be defined by using the turns of the coil, N , and the excitation peak current, I p (A)
Thus, μ p can be defined by substituting (3) for (2) 
B. Calculation Model of Core Loss, P C ore
The P Core model of amorphous cores for reactors is established by measuring the iron losses of a standard amorphous cut core of Metglas AMCC 673. The cut core has a total weight of 14.4 kg, A c of 34.2 cm 2 , and L m of 0.56 m. The measurements are performed without air gaps, and the parameters in the core loss equation are decided by simply fitting the measured loss values to the Steinmetz equation including the anomalous eddy current loss [13] . An outside image and the dimensions of the cut core are shown in Fig. 7 , and the measured and fitted P Core performances are shown in Fig. 8 . The solid lines are fitted to the measured results with the following equation: Individual terms in turn represent the hysteresis, the classical eddy current, and the anomalous eddy current losses, respectively. The cut core is excited magnetically by an excitation coil with square-formed voltage at frequencies from 100 Hz to 20 kHz, generated with a full-bridged inverter circuit. The P Core values are calculated from the areas of the individual B-H loops drawn with the measured voltage and current waveforms. Fig. 9 shows a schematic diagram of P Gap induced at an air gap of the amorphous cut cores. The leakage magnetic flux density, B p , flows perpendicular to the ribbon planes diverged from the main magnetic flux, B main , along the magnetic path of the core. B p induces the in-plane current, I e , in the amorphous ribbons, which generates local losses around the air gaps, P Gap [14] , [15] . The eddy current loss may increase in cut surfaces due to interlamination short circuits [16] . In this study, we used core components by cutting the wound cores with a thin metal saw and polishing the cut surfaces to remove the short circuits. The P Core of a cut core with four cut surfaces (shown in Fig. 8 ) almost corresponds with that of a lap-jointed amorphous wound core without cut surfaces [17] . The core components are thought to have sufficiently low eddy current losses induced from irregularities at the cut surfaces.
C. Calculation Model of Gap Loss, P Gap
To establish a model of P Gap , its function of B main and frequency, f , is calculated from the P Fe performance of an AMCC 673 cut core with two 9.2 mm air gaps (total length: G L of 18.4 mm). The results are shown in Fig. 10 . P Gap values are calculated by subtracting the P Core based on (5) from the measured P Fe . Solid lines in the figure indicate values fitted under an assumption that P Gap is proportional to B main 2 and f . As with an empirical model released from a cut core manufacturer, 1 the averaged density of P Gap in the cores can be expressed as below when calculated with a magnetic simulator using the finite-element method (FEM)
A e and N e are the constant and the number of elements in the cores, respectively. B p (k) indicates a perpendicular component of B main in the kth element. Fig. 11 shows the example results of 1 Based on calculated results with a simplified design tool for ac reactors at http://www.metglas.com/design/index.htm the distribution of B p around the air gap of a cut core calculated with an FEM simulator. B main flows in the horizontal direction in the figure, and the ribbon planes are defined as perpendicular to the paper. The calculations are performed by setting the inplane B-H curve of the ribbons, which is based on that shown in Fig. 4 , and that along the stacked direction of the ribbons to obey B = μ p H. The B main near the air gap appears to lean toward the stacked directions of the ribbons, i.e., P Gap is induced around the edges of the air gap as shown in the figure.
To decide the value of A e in (6), the G L dependences of P Gap of an AMCC 673 cut core are measured. An example result for B main = 0.1 T and f = 5 kHz is shown in Fig. 12 . The measurements are performed for two cases: "2-Gap" and "4-Gap" states shown schematically in the figure. For the same G L , the length of one gap in the 2-Gap state is twice that in the 4-Gap state. The black and white circles indicate the measured P Gap values of 2-Gap and 4-Gap states, respectively, and the solid curves are fitted by simulating the distributions of B with an FEM simulator and calculating the P Gap values from (6) with A e = 5.86 × 10 7 . The P Gap values of the reactors used in the following sections are calculated using this result.
D. Estimation Method for Reactor Losses and Example Results
The amorphous cores of the reactors constructed in this study consist of wound and cut core components as shown in Fig. 2 . The cylindrical coordinates are defined as shown in the figure, and losses are calculated by extracting the parallel and perpendicular components of B relative to the amorphous ribbon planes. The z-axis of structure A is defined in yokes and individual magnetic legs, while that of structure B is the same as that of the yokes and legs. B-H curves along the in-plane and stacked directions of the ribbons are defined as those shown in Fig. 4 , and B = μ p H, respectively. The losses are calculated as follows:
1) make 3-D layouts of the cores and coils. Divide them into elements for FEM by using a magnetic simulator of JMAG-Studio. The cores are drawn without a ribbon-stacked structure but have anisotropic B-H curves as described above; 2) calculate distributions of B in the cores under a definite condition of sinusoidal excitation current and frequency; 3) extract B θ and B z , components of B in the ribbon planes, and calculate P Core by applying (5) to those components; 4) extract B r , the component of B perpendicular to the ribbon planes, and calculate P Gap by applying (6) to B r ; 5) calculate P Cu from the ac resistance of the coil, R ac as P Cu = 3R ac I rms 2 . R ac is approximately calculated with the Dowell model, considering skin or proximity effects at high frequencies [18] , [19] ; 6) repeat steps 2-5 to calculate P Core , P Gap , and P Cu for all equivalent current and frequency components of PWM excitation, and sum those up; 7) calculate the total loss of the reactor as P = P Core + P Gap + P Cu . Fig. 13 shows distributions of P Core and P Gap of the reactors of structures A and B as examples of loss calculations. Both structures are calculated in three-phase sinusoidal excitation currents of 611 A rms at 60 Hz with half-cut models considering the symmetries of the cores. The colors in the figure change from violet to red to indicate that the calculated loss densities in individual elements increase linearly from 0 to 1.5 × 10 4 W/m 3 . In loss distributions of the two types of reactors in particular, it can be observed that P Gap at the magnetic legs have a characteristic difference. The P Gap of structure A is induced around air gaps in the perimeter, while that of structure B can only be observed at the inner and outer circumferences of the sector prism. It is considered that the difference reflects the disparity in parts where in-plane eddy currents are induced. 
V. LOSS CHARACTERISTICS OF AMORPHOUS REACTORS
A. Sinusoidal Excitation Characteristics at 60 Hz
The sinusoidal magnetic excitation tests of the constructed reactors are performed at 60 Hz with a three-phase current up to 1230 A rms , about 200% of rated current. The effective powers (equivalent to total losses, P , of the reactors) are calculated from the measured effective voltages and power factors between the coil ports.
Figs. 14 and 15 show the excitation current dependences of B in the magnetic legs and inductances, L, of the coils of the two reactors, respectively. Both reactors have a B of about 0.80 T at the rated current of 611 A rms , and L within permissive range of −5% to +15% around 73 μH. The L values decrease about 0.4% as the excitation currents increase from 0 to 611 A rms . The reactors have suitable electrical performance for use in a UPS as filtering components. The loss characteristics of the reactors, measured at room temperature, are shown in Fig. 16 . The black circles indicate the iron losses, P Fe (=P Core + P Gap ), and the white circles indicate the conduction losses, P Cu , calculated with the method described in the previous section. The P (=P Fe + P Cu ) values are shown with white squares. The measured P values of the reactors are indicated with white triangles, confirming that both reactors have P values of about 460 W at rated currents that agree reasonably well with the calculated ones.
B. Square-Formed Excitation Characteristics at Carrier Frequencies
The square-formed magnetic excitation tests of constructed reactors are performed with a full-bridged inverter power supply at frequencies from 1 to 33.3 kHz. Although three-phase excitation should be performed, in accordance with the limits of the facilities, measurements were performed with singlephase excitation. Fig. 17 shows the system for measurement and an example of FEM-simulated distribution of iron loss density in the condition. Iron loss is calculated from the area of a B-H loop drawn with coil voltage waveform, V L , and current waveform, I L . V L is corrected for the voltage drop due to coil resistance. The U-phase coil is excited, and the magnetic flux returns through the three legs for a zero-phase current. The measured single-phase excited iron losses, P S , are compared with calculated ones under the same conditions.
The B dependences of the P S values of the reactors are shown in Fig. 18 . The dashed-line curves in the figure are fitted to the measured P S values of the symbols with an exponential formula of B, and the solid-line curves are for the values calculated with the method described in the previous section. It is confirmed that measured P S characteristics higher than 5 kHz of both reactors can be reproduced with the loss calculation model within a 10% error.
C. Loss Estimations of Reactors Applied in UPS
Here, the losses of the constructed reactors are estimated when they are applied to a 400-kVA UPS with two-level inverters as filtering components. These loss values are calculated by using the measured losses at 60 Hz and the carrier frequencies indicated above.
The measured P S values at carrier frequencies have to be corrected to those in three-phase excitation to estimate the losses at the respective equivalent phase current components of the UPS. As shown in Figs. 16 and 18 , the loss calculation model can reproduce the measured values sufficiently; the correction factor of S is calculated by comparing the FEM-simulated iron losses between conditions of single-and three-phase excitations for the same magnetomotive forces of the coils. Three-phase excited P Fe can be calculated from the measured single-phase excited P S and a correction factor, S, as
As an example, the frequency performance of S for a reactor of structure B is shown in Fig. 19 . From the figure, the S values at B and f corresponding to each phase current component can be decided, and the P Fe values can be estimated from (7). The estimated losses of the respective equivalent phase current components for the two types of reactors are listed in Table III . Only the P Fe values measured at 60 Hz in three-phase excitation are listed as shown in Fig. 16 . The total losses of the reactors at the maximum permitted temperature of 140
• C can be estimated as about 1000 W, about 45% of that of a conventional three-phase silicon-steel reactor of 2200 W.
VI. EFFICIENCY PERFORMANCE OF 400-KVA UPS WITH AMORPHOUS REACTORS
A. Method of Evaluation
The power efficiency performance of a 400-kVA online UPS with two-level inverters is evaluated with the constructed amorphous reactors in filter circuits. The evaluation system is schematically shown in Fig. 20 . Amorphous reactors of structures A and B were connected in the input and output filter circuits, respectively. The effective line voltages, phase currents, and power factors at the input and output ports of the UPS were measured with a power tester. The efficiency of UPS, η, is calculated as
where λ in and λ out denote power factors at the input and output ports, respectively, and angle brackets, < >, signify averages of three-phase line voltages and phase currents. The reactors are put outside the UPS unit and are connected to the filter circuits after the removal of the cables connected to the silicon-steel core reactors built into the unit. Measurements are performed without cooling airflow. The measured η value is corrected by subtracting the conduction losses of the cables with lengths excessive relative to those between the filters and the silicon-steel core reactors.
B. Evaluated Results
The load factor dependence of the η of a UPS is shown in Fig. 21 . White squares and black circles indicate values of η with silicon-steel core reactors and constructed amorphous reactors, respectively. η has a maximum at load factor around 60%. It is Fig. 16 . Loss performance curves of amorphous reactors as functions of three-phase sinusoidal excitation currents at 60 Hz. Black circles, white circles, and white squares indicate the calculated values of iron losses, P Fe , conduction losses, P C u , and total losses, P , of the reactors, respectively. White triangles denote the measured P values of the reactors. confirmed that amorphous reactors increase the maximum value of η by about 0.55%, from 96.20% to 96.75%. Fig. 22 shows the temperature dependence of η at a load factor of 100% with amorphous reactors. η values are plotted against the maximum temperatures at the coils of the reactors. The temperature coefficient of η has a value of −1 × 10 −3 %/K, at most. It can be supposed that the terminal temperatures of the reactors are less than 120
• C if they are assembled in a UPS unit where the reactors are cooled with airflow of 0.5 m/s. Therefore, it can be expected that the performance of amorphous reactors does not degrade as the temperature rises.
The η values of a UPS, assuming that the same two reactors are connected in both filters, are listed in Table IV . Those values are calculated from the measured η values when two reactors of silicon-steel core and each amorphous core are connected as the input and output filters, respectively. The table also lists the values of P of each reactor, which are calculated assuming that the 0.1% improvement of η corresponds to a 200-W decrease of P on the basis of P = 2200 W for a silicon-steel core reactor.
VII. COMPARISON OF LOSSES AND DISCUSSIONS
The reactor losses in a 400-kVA UPS are compared in Fig. 23 . Histograms of α show the breakdowns of losses calculated using a magnetic simulator based on the model described in Section IV. The histograms of β denote the estimated iron losses, P Fe (=P Core + P Gap ), on the basis of the measured results and calculated conduction losses, P Cu , at 140
• C listed in Table III . Moreover, the histograms of γ represent the total losses, P (=P Fe + P Cu ), calculated from the evaluated efficiencies, η, of the UPS listed in Table IV . Fig. 23 . Comparison of losses of reactors applied in 400-kVA UPS. Histograms of α indicate calculated breakdowns of losses with models described in Section IV. Those of β denote estimated iron losses, P Fe from magnetic excitation measurements and calculated conduction losses, P C u listed on Table III . In addition, those of γ represent total losses, P estimated from measured efficiencies, η of UPS.
Both types of amorphous reactors have simulated and estimated losses from 900 to 1000 W; this is less than half that of a silicon-steel core reactor. There is no clear difference in performance between the two structures. The permeability perpendicular to the amorphous ribbon planes, μ p , calculated in Section IV-A, is on the order of 1/100 that parallel to the planes. It is considered that the P values of the two reactors do not differ very much because the components of B perpendicular to the ribbon planes at the junctions of the yoke and leg cores of structure A are comparatively smaller than that predicted at first.
With magnetic legs having the same section areas, structure B, with sector prism cores, can be designed to have a unit volume about 11% smaller than that of structure A with toroidal cores as listed in Table II . However, as described in Section II, structure B has the disadvantage of higher construction costs because of the necessity of a cutting process for larger wound cores. These two structure options can be selected on the basis of the tradeoff between lower costs and smaller unit volumes.
The total losses, P , of reactors with structures A and B estimated from the η values of the UPS, shown in the histograms of γ, are 11.9% and 8.1% higher, respectively, than those estimated from magnetic excitation measurements indicated in the histograms of β. One probable cause of such differences is the underestimation of iron losses due to the waveform for magnetic excitation. Although iron loss measurements should be excited with sinusoidal voltages, this study used square-formed voltages in measurements except at 60 Hz due to the limit of the facilities. The estimated iron losses of the cores depend on the "Form Factor", FF, of the induced voltage dB/dt and f [20] . FF can be defined as a ratio of the root mean square to the average absolute value of dB/dt, and the measured iron losses are in proportion to F F 2 for the same f and amplitude of B. The value of FF for a sinusoidal voltage is 1.11, which is higher than that for a square-formed voltage (1.00). Values of P Fe + P Cu in the histograms of β of structures A and B are corrected to 1134 and 1124 W, respectively, in a condition of sinusoidal excitation by multiplying 1.11
2 to P Fe 's. The differences between those values and the P values in the histograms of γ are −0.4% and −3.0%, respectively.
VIII. CONCLUSION
Lower-loss and smaller-unit volume "three-phase six-leg" amorphous reactors were designed and constructed for use as filter components in a 400-kVA online UPS with two-level inverters. The loss characteristics and power efficiencies applied in the UPS were evaluated. The reactors were formed from wound toroidal amorphous cores. Two types of magnetic legs were proposed: structure A, toroidal-shaped with slits, and structure B, sector-prism-shaped cut from a wound core having the same size as the yokes. The unit volumes of reactors using structures A and B were about 9% and 19% smaller, respectively, compared with that of conventional silicon-steel core reactor with the same power capacity.
Calculation models of iron losses of the amorphous wound cores were established on the basis of a technique for extracting the coordinate components of the magnetic flux density, B, in accordance with the anisotropic B-H curves in the direction of the amorphous ribbon planes. It was confirmed that the calculated iron losses at carrier frequencies agree with measured losses within a 10% error. From the models and measured losses, a loss estimation method for PWM-induced reactors was presented.
The constructed amorphous reactors have about half the total losses of that of a silicon-steel core reactor and increase the power efficiency of the UPS by up to 0.55%. The loss estimation method and construction technique for the reactors of the amorphous wound cores established in this study can be expected to enable high efficiency designs of filter components not only for UPS with multilevel inverters but also for power conditioning subsystems in solar photovoltaic and wind power stations.
